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Summary 

To understand the molecular bases for cytokine redun- 
dancy and pleiotropy, we have compared the Stat pro- 
teins activated in peripheral blood lymphocytes (PBLs) 
by cytokines with shared and distinct actions. Interleu- 
kin-2 (IL-2) rapidly activated StatS in fresh PBL, and 
Stat3 and StatS in preactivated PBL. IL-7 and IL-15 in- 
duced the same complexes as IL-2, a feature explained 
by the existence of similar tyrosine-phosphorylated 
motifs in the cytoplasmic domains of IL-2R0 and IL-7R 
that can serve as docking sites for Stat proteins. IL-1 3 
induced the same complexes as IL-4, a finding ex- 
plained by our studies implicating IL-4R as a shared 
component of the receptors. These studies demon- 
strate that a single cytokine can activate different com- 
binations of Stat proteins under different physiological 
conditions, and also indicate two mechanisms by 
which distinct cytokines can activate the same Stat 
protein. 

Introduction 

The term "cytokine pleiotropy" describes the ability of a 
cytokine to exert more than one action, often on multiple 
cell types (Paul, 1989; Leonard, 1994). For example, IL-2 
can induce or augment the cytolytic activity of natural killer 
(NK) cells, the proliferation of T cells, and immunoglobulin 
biosynthesis by B cells (Leonard et a!., 1994; Taniguchi 
and Minami, 1993;~Waldmann, 1989). Functional IL-2 re- 
ceptors contain IL-2Rfi and the common y chain (y c ) (re- 
viewed by Leonard, 1994; Leonard et al. t 1994; Taniguchi 
and Minami, 1993), two cytokine receptor superfamily 
members (Bazan, 1990) whose dimerization is required 
for signaling (Nakamura et al., 1994; Nelson et al., 1994). 
Mutations of the y c gene can result in X-linked severe com- 
bined immunodeficiency (XSCID) in humans (Noguchi et 
al . , 1 993b) ; the severity of th is disease results from y c being 
a component of the IL-2 (Takeshita et al., 1992), IL-4 
(Kondo et al., 1993; Russell et al., 1993), IL-7 (Noguchi 



etal., 1993a; Kondo etal., 1994), IL-9 (Russell etal., 1994), 
and IL-15 (Giri et al., 1994) receptorsCn^73»^L^P9, 
canittLa:S^n:att^fas^ 

iting cytokine redundancy, the ability of multiple cytokines 
to induce similar actions (Paul, 1989; Leonard, 1994). IL-2, 
IL-4, IL-7, and IL-9 have been shown to activate two Janus 
family tyrosine kinases, Jak1 and Jak3 (Johnston et al., 
1994; Witthuhn et al., 1994; Russell et al., 1994). Jak ki- 
nases play critical signaling roles for interferon (IFN)a/(3, 
IFNy, and for a number of members of the cytokine recep- 
tor superfamily by activating signal transducers and acti- 
vators of transcription (Stat) proteins (Ihle et al., 1994; 
Darnell et al., 1994). To elucidate the molecular bases of 
cytokine pleiotropy and redundancy, we analyzed the Stat 
proteins activated by a number of cytokines with shared 
and distinct biological activities. 



Results 

Activation of Stat Proteins by IL-2 in Fresh and 
Preactivated PBL and in CTLL-2 Cells 

We first evaluated the activation of nuclear factors by IL-2 
using electrophoretic mobility shift assays (EMSAs) and 
a probe corresponding to an IFNy-activated site (GAS) 
from the FcyRl gene (core site, 5-GTA TTTCCCAGAAA - 
AGG-30- IL-2 rapidly induced nuclear binding activity in 
freshly isolated peripheral blood lymphocytes (PBLs) (Fig- 
ure 1 A, lanes 1-4). When PBLs were preactivated by phy- 
tohemagglutinin (PHA) for 72 hr and then rested overnight, 
little or no binding activity was detected; however, IL-2 
rapidly induced two complexes (Figure 1A, lanes 5-8), 
the upper component of which had similar mobility to the 
complex induced by IL-2 in YT cells (lanes 9-12). The 
complexes induced were specific in that they could be 
competed by cold competitor (data not shown) and were 
not formed with an oligonucleotide containing a single nu- 
cleotide change (TTCCCACAA instead of TTCCCAGAA) 
in the core of the GAS motif (Figure 1A, lanes 13-16), 
indicating that the GAS mo'tif is essential for binding and 
therefore suggesting that Stat proteins were involved in 
the formation of the complexes. As expected for Stat pro- 
teins, DNA binding activity was diminished when extracts 
from fresh PBL, preactivated PBL, or YT cells were treated 
with protein tyrosine phosphatase (Figure 1B). Further- 
more, for both fresh and preactivated PBL, the binding 
activities were induced rapidly in the cytosol, and cycio- 
heximide did not inhibit the activation of these binding 
activities (data not shown), consistent with the activation 
of preformed cytosolic Stat proteins (Darnell et al., 1994; 
Ihle et al., 1 994). IL-2 also activated Stat proteins in CTLL-2 
cells (Figure 1 C, lanes 1 -4), correlating with their vigorous 
IL-2-induced responsiveness. Although rapamycin inhibits 
certain IL-2 signals (Kuo et al., 1992; Morice et al., 1993), 
it did not affect either the activation or nuclear transloca- 
tion of !L-2-activated Stat proteins (data not shown). 
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Figure 1. Rapid Induction of Nuclear Binding Activities by IL-2, IL-4, IL-7, IL-13, and 1L-15 

(A) IL-2 rapidly induced nuclear complexes in freshly isolated PBL (lanes 1-4), preactivated PBL (lanes 5-8), and YT cells (lanes 9-12). No 
complexes were detected when the GAS motif was mutated (lanes 14 and 16 versus lanes 13 and 15). 

(B) Treatment of extracts from fresh PBL (lanes 1-5), preactivated PBL (lanes 6-10), or YT cells (lanes 11-18) with 0.1, 0.5. or 1.0 U of T ceil 
phosphatase (recombinant human T cell protein tyrosine phosphatase; New England Bioiabs) for 30 min at 30°C diminished the IL-2-activated 
binding activity (lanes 2-4, 7-9, and 12-14) unless inhibited by sodium vanadate (lanes 5, 10, 16-18). 

(C) Stat proteins were activated when CTLL-2 were stimulated with IL-2 for 5-30 min (lanes 1-4). 

(D) Induction of nuclear binding activity by iL-2, IL-4, IL-7, and IL-13 in fresh PBL (lanes 1-5) and by IL-2, IL-4, and IL-7, but not IL-13 in preactivated 
PBL (lanes 6-10). The FcyRI probe (5-AGCTTGTA7TTCCCAGAAAAGGGATC-3', GAS motif underlined) was used in (A)-(D). 

(E) EMSAs with the IL-2R& (5-AGCTTGAA TTCATGGAAA TGGGATG-3 f , GAS motif underlined) (lanes 1-5) and FcyRI probe (lanes 6-10) using 
IL-2, IL-4, IL-7, or IL-13 activated nuclear extracts derived from fresh PBL IL-15-induced complexes were compared with IL-2-induced complexes 
in fresh (lanes 11-13) and preactivated (lanes 14-16) PBL 



Comparison of IL-2-, IL-4-, IL-7-, IL-13-, 
and IL-15-lnduced Complexes 

We next compared the Stat proteins activated by IL-2 to 
those activated by IL-4 and IL-7, two other T cell growth 
factors known to share y c . and activate Jakl^and Jak3., 
Whereas IL-2 and IL-7 induced complexes of identical mo- 
bility, IL-4 induced a complex with a different appearance 
(Figure 1D). The protein(s) forming the complex(es) in- 
duced by IL-4 have been denoted as IL-4 NAF (Kotanides 
and Reich, 1993), STF-IL^ (Schindler et al., 1994), and 
IL-4 Stat (Hou et a!., 1994). IL-13, which shares many ac- 
tions with IL-4 (Zurawski et al., 1993; Zurawski and de 
Vries, 1994), induced a complex identical in mobility to 
that induced by IL-4, but only in fresh PBL (Figure 1D), 
consistent with the inability of IL-13 to stimulate activated 
T cells (Zurawski and de Vries, 1994). Trie IL-2-, IL-4-, 



IL-7-, and IL-1 3-induced complexes were also formed with 
a probe corresponding to a GAS motif found in the IL-2R0 
promoter (Gnarra et al., 1990) (Figure 1E, lanes 1-10), a 
gene induced by both IL-2 (Siegel et al., 1987) and IL-4 
(Qasey et al., 1992), This pjobe was additionally used to 
demonstrate that IL-1 5 induced complexes indistinguish- 
able from those induced by IL-2 in fresh and preactivated 
PBL (Figure 1E, lanes 11-16). Interestingly, the IL-2Rp 
motif (TTCATGGAA, -854 to -846 in the coordinate sys- 
tem of Lin et al., 1993; the inverted repeat is underlined) 
was more potent than the FcyRI motif (TTCC CA GAA) in 
its ability to activate transcription of the TK promoter in 
response to IL-2 in transiently transfected YT cells (data 
not shown). In preactivated PBL stimulated with IL-2, the 
IL-2RP probe always yielded a single complex (Figure 1 E), 
in contrast with the doublet seen with the FcyRI probe 
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Figure 2. UV Cross-Linking Reveals Identity 
of IL-2-, IL-7-, and IL-15-Activated Factors and 
of IL-4- and IL-13-Activated Factors 

(A) Freshly isolated PBLs were not treated 
(lanes 1 , 7), or treated with IL-2 (lanes 2, 8, 9), 
or IL-15 (lane 3), extracts were prepared and 
UV cross-linking was performed. In lane 9, 25 
ng of unlabeled probe was added prior to UV 
cross-linking. Preactivated PBLs were not 
treated (lane 4) or treated with IL-2 (lane 5) or 
IL-15 (lane 6) prior to UV cross-linking. 

(B) Preactivated PBL (lane 1) and YT cells (lane 
2) were stimulated with IL-2. Freshly isolated 
PBL were stimulated with IL-2 (lane 3), IL-7 
(lane 4), IL-4 (lane 5), or IL-13 (lane 6), and 
extracts subjected to UV cross-linking using 
the IL-2R& probe. In IL-2-stimulated fresh PBL, 
a primary band of 87.5 kDa and a fainter 96/ 
102.5 kDa doublet were detected; in IL-4-stimu- 
lated fresh PBL the major band migrated at 85 
kDa, with minor bands of 65 and 102 kDa. 

(C) Comparison of UV cross-linked adducts 
generated using extracts from fresh (lanes 1 
and 2) and preactivated PBL (lanes 3 and 4) 
stimulated with IL-4 (lanes 1 and 3) and IL-7 
(lanes 2 and 4). 

(D) UV cross-linked adducts formed with nu- 
clear extracts from tL-2-stimulated purified eNK 
cells (lane 1), and IL-2-stimulated fresh (lane 
2) or preactivated (lane 3) PBL. UV cross-linked 
adducts formed with nuclear extracts from 
fresh purified T cells not treated (lane 4) or 
treated (lane 5) with IL-2, and preactivated puri- 
fied T cells not treated (lane 6) or treated (lane 
7) with IL-2. 
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(Figure 1A); nevertheless, similar ultraviolet (UV) cross- 
linked adducts were seen with the IL-2RP (see below) and 
FcyRI (data not shown) probes. Thus, fine sequence varia- 
tions within the core and flanking sequences of GAS-iike 
sites are critical to cytokine-specific responsiveness. 

UV Cross-Linking of IL-2-, IL-4-, IL-7-, IL-13-, 
and IL-15-lnduced Complexes 

To analyze further the complexes induced by IL-2, IL-4, 
IL-7, IL-13, and IL-15, we used a bromodeoxyuridine- 
containing ^P-labeled IL-2R0 probe and UV cross-linking 
methodology. As expected, identical patterns were seen 
with extracts from fresh PBL stimulated with IL-2, IL-7, 
or IL-15 (Figure 2A, 1-3; Figure 2B, lanes 3 and 4); these 
UV cross-linked adducts were specific based on their ab- 
*sehce7n uninduced cells arid by their competition by "ex- 
cess unlabeled probe (Figure 2A, lanes 7-9). In contrast, 
cells stimulated with IL-4 or I L-1 3 yielded a different pattern 
(Figure 2B, lanes 5 and 6). For IL-2, IL-7, and IL-15, it was 
striking that the migration of the UV cross-linked adducts 
in preactivated cells differed dramatically from the major 
adduct seen in fresh PBL (Figure 2A, lanes 5 and 6 versus 
2 and 3; Figure 2C, lane 4 versus lane 2). The differences 
between the U V cross-linked adducts in fresh and preacti- 
vated PBL stimulated with IL-4 were much more subtle 
(Figure 2C, lane 3 versus lane 1). Since IL-2 can induce 



signals in freshly isolated NK cells and T cells (reviewed 
by Leonard and Siegel, 1990), we hypothesized that both 
ceil types might contribute to the binding activity induced 
by IL-2 in fresh PBL. Indeed, the major UV cross-linked 
adducts seen in freshly isolated NK and T cells stimulated 
with IL-2 were the same as those seen in fresh PBL stimu- 
lated with IL-2 (Figure 2D, lanes 1, 2, 5), and IL-2-stimu- 
lated preactivated T cells gave the same pattern as did 
preactivated PBL (Figure 2D, lanes 3 and 7). 



Activation by IL-2 of Stat5 in Fresh PBL and Both 
Stat3 and StatS in Preactivated PBL 

We next investigated the identities of the Stat proteins in 
the complex induced by IL-2. Antisera reactive with Statl 
(both Statl a and Stattp) did not reactwith the tb^induced 
complexes (Figure 3A, lanes 2-3, 7-8), even though they 
could block formation of the complex induced by IFNa 
(data not shown). However, an antiserum to StatS super- 
shifted the complexes induced by IL-2 in both fresh and 
preactivated PBL (Figure 3A, lanes 5 and 10), indicating 
that these complexes contained StatS. Ovine Stat5 was 
first isolated as a Stat protein activated by prolactin (Wa- 
kao et ah, 1994). As expected, the StatS antiserum also 
supershifted the complexes induced by IL-7 and IL-15, but 
had no effect on those induced by IL-4 and IL-13 (Figure 
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Figure 3. Activation of StatS by IL-2, IL-7, and IL-15 in Freshly Isolated 
and Preactivated PBL, and Stat3 by IL-2 Only in Preactivated PBL 

(A) R1146 anti-Stat5 antiserum supershifted the lL-2-induced com- 
plexes in both fresh and preactivated PBL (lanes 5 and 10), whereas 
antibodies to Stall and Static had no effect. The control preimmune 
serum (pre) is shown for the StatS antiserum. 

(B) R1 146 antiserum to StatS supershifted the complexes induced by 
IL-2, IL-7. and IL-15, but not those induced by IL-4 and IL-13 in fresh 
PBL 

(C) Anti-phosphotyrosineWesternblottingofDNAaffinityi)unfied com- 
plexes from fresh (lanes 1 and 2) and preactivated (lanes 3 and 4) 
PBL not stimulated (lanes 1 and 3) or stimulated (lanes 2 and 4) with 

" IL-2 In fresh PBU,* a major band of 80 kDa and minor bands of 90 and- 
60 kDa were identified. The 60 kDa band in lane 2 was variably detectd 
and could represent a degradation product. For preactivated PBL, 
major and minor bands of 95 and 90 kDa were identified. 

(D) Anti-phosphotyrosine (lanes 1 and 2) or anti-Stats (lanes 3 and 4) 
Western blotting of DNA affinity-purified complexes from fresh (lanes 
1 and 3) and preactivated (lanes 2 and 4) PBL stimulated with IL-2. 

(E) Ab4 (raised to amino acids 551-607 of Statl), supershifted the 
IL-2-induced complex in preactivated (lane 4) but not in fresh (lane 3) 
PBL Preimmune serum (pre) had no effect (lanes 1 and 2). 

(F) Lysates from fresh (lanes 1 and 2) and preactivated (lanes 3 and 
4) PBL not stimulated (lane 1 and 3) or stimulated (lanes 2 and 4) 
with IL-2 were immunoprecipitated with 4G10 MAb and then Western 
blotted with anti-Stat3 MAb. 

(G) Anti-Stat3 (lanes 3, 4) and anti-Stats (lanes 1 . 2) Western blotting 
of DNA affinity-purified complexes from preactivated PBL stimulated 
with IL-2 (lanes 1 and 3) or IL-6 (lanes 2 and 4). 



3B; data not shown), confirming that these latter cytokines^ 
induce different rompfexes. 

To characterize further the IL-2-induced complexes, we 
used DNA affinity purification of IL-2-induced complexes 
followed by Western blotting with antiphosphotyrosine an- 
tibodies (4G10) (Figure 3C, lanes 1-4; Figure 3D, lanes 
1 and 2). The relative sizes of the bands identified in fresh 
and preactivated PBL (Figure 3, legend) corresponded to 
those seen by UV cross-linking (see Figure 2; Figure 2, 
legend). The greater apparent molecular weights ob- 
served in the UV cross-linking experiments likely result 
from the presence of both protein and the DNA probe in 



the cross-linked adducts. Immunoblotting of the same af- 
finity-purified material with an anti-Stats antiserum (Figure 
3D, lanes 3 and 4) confirmed the presence of StatS in 
IL-2-induced complexes in fresh and preactivated PBL. 
The difference in molecular weights seen with fresh and 
preactivated PBL was striking. Although we do not fully 
understand the nature of the difference, it is possible that 
Tcell activation induces posttranslational modifications of 
StatS. Moreover, using a probe based on the cloned ovine 
StatS (Wakao et ai., 1994), we have isolated three closely 
related human cDNAs, each of which encodes a some- 
what different protein product. Both of the anti-Stats anti- 
bodies we have used recognize epitopes present in each 
of these forms of human StatS, so it is not yet clear whether 
IL-2 activates one or all of the predicted protein products. 

We observed that the complexes induced by IL-2 in fresh 
and preactivated PBLs have different reactivities to an 
antiserum, denoted Ab4, raised to the SH2 domain of Statl 
(Figure 3E). This antiserum is known to recognize only 
denatured forms of Statl and is not capable of supershift- 
ing authentic Statl in IFN-induced complexes (Rothman 
et al., 1994). Thus, its ability to supershift the IL-2/IL-7/ 
IL-15 (Figure 3E; data not shown)-induced complexes in 
preactivated PBL is most likely based on cross-reactivity 
with another Stat protein. Since the anti-Stat5 antiserum 
recognized the complexes from both fresh and preacti- 
vated PBL (Figure 3A), while Ab4 recognized only the com- 
plex in preactivated PBL (Figure 3E), we investigated 
whether additional Stat proteins were activated only in 
preactivated PBL. Indeed, we found that IL-2 rapidly acti- 
vated Stat3 in preactivated (Figure 3F, lanes 3 and 4) but 
not in fresh (lanes 1 and 2) PBL. Stat3 was previously 
shown to be activated in response to IL-6 (Akira et al., 
1994) and epidermal growth factor (Zhong et ai., 1994). 
By using DNA affinity purification and Western blotting 
with StatS- and Stat3-specif ic antisera, we confirmed that 
Stat3 but not StatS was present in the IL-6-induced com- 
plex whereas both Stat3 and StatS were in the IL-2-induced 
complex in preactivated PBL (Figure 3G). Thus, our data 
support the model that IL-2 activates StatS in fresh PBL, ^ 
but both Stat3 and StatS in preactivated PBL. So far, we 
have found no evidence that Stat2, Stat4 f or IL-4 Stat 
(Stat6) are components of the IL-2-induced complexes in 
either fresh or preactivated PBL. 

Importance of Similar Motifs in IL-2RP and IL-7R 
for Stat Protein Binding 

The ability of Statl to bind to a motif spanning a phosphory- 
lated tyrosine residue in the cytoplasmic domain of the 
- ** IF^Tec^ i994)prompteaijstoTn^ 
vestigate whether the binding activity of IL-2-activated Stat 
proteins could be inhibited by peptides spanning phos- 
phorated tyrosines of IL-2RP or y e . Of the 6 tyrosines in 
human IL-2RP, 5 are conserved in mouse and rat. Only 
PY338, PY392, and pY51 0 were phosphorylated in overex- 
pression experiments in COS-7 cells (M. F. et al., unpub- 
lished data). Tyrosine-phosphorylated peptides spanning 
PY392 or PY51 0 inhibited nuclear factor binding in extracts 
from fresh PBL, with PY510 being more effective (Figure 
4A). In contrast, PY338, &Y358 (spanning a tyrosine that 
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Figure 4. The IL-2RP and IL-7R Cytoplasmic 
Domains Share a Motif Capable of Binding the 
IL-2-Activated Stat Proteins 
Competition of binding of the lL-2-induced 
complexes in fresh (A) and preactivated (B) 
PBL by pY392, PY510, and IL-7RY409 tyro- 
si ne-phosphorylated peptides but not by un- 
phosphoryfated PY510. 

(A) PY338, 0Y358 and four y c phosphorylated 
peptides did not compete. 

(B) Only the upper complex was competed 
(arrow). 

(C) In fresh and preactivated PBL, pY510 com- 
peted complexes induced by IL-2 (lanes 1-4} 
but not by IL-4 (lanes 5-8). 

(D) Alignment of similar residues in the PY392, 
PY510, and IL-7RY409 peptides. 

(E) IL-2 potently induced nuclear complexes in 
32D cells transfected with full-length IL-2R0 
(Otani et ai., 1992) (lane 4 versus 3) but not in 
cells transfected with the p-H mutant (lane 6 
versus 5), which is truncated at amino acid 379 
(Hatakeyama et al., 1989). 

(F) Two IL-2RP constructs in. which all tyrosines 
except either Y392 (lanes 3 and 4) or Y510 
(lanes 5 and 6) were mutated to phenylalanines 
could mediate Stat protein activation in 32D 
cells in response to IL-2 (lanes 4 and 6). 



does not appear to be phosphorylated in cells), the phos- 
phorylated peptides spanning each y c tyrosine, and a non- 
phosphorylated peptide spanning (JY510 had no effect 
(Figure 4A). Similar results were found using extracts from 
preactivated PBL, except that only the upper complex was 
eliminated when extracts were preincubated with PY392 
and JY510 (Figure 4B). The peptide competitions were 
specific, since phosphorylated flY510 did not inhibit forma- 
tion of the nuclear complexes induced by IL-4 in fresh and 
preactivated PBL (Figure 4C). 0Y392 and PY51 0 exhibited 
sequence similarities (Figure 4D). Since IL-7 and IL-2 ap- 
peared to activate the same Stat proteins, we examined 
the sequence of the cloned IL-7 binding protein (IL-7R) for 
a similar motif and found one spanning Y409 (Figure 4D). 
Importantly, a tyrosine-phosphorylated peptide spanning 
IL-7RY409 also inhibited Stat protein binding (Figures 4A 
and 4B). ' 

Interestingly, the IFNyR sequence (TSFGYP04DKPH; 
Greenlund et al., 1994) that binds Statl and the IL-4R 
sequences (G EXG YP04KXFXXXL; Hou et al., 1994) that 
bind IL-4 Stat both contain a lysine C-terminal to the phos- 
phorylated tyrosine; however, no positively charged resi- 
due was present in the IL-2R0/IL-7R motifs (Figure 4D). 
It will be interesting to-determine-in detail the sequence 
requirement for receptor-Stat protein association. The im- 
portance of the IL-2R& motifs was indicated by the dra- 
matic decrease in IL-2-mediated activation of Stat proteins 
in 32D cells transfected with a truncated IL-2RfS construct 
in which Y392 and Y510 were deleted as compared with 
cells transfected with wild-type IL-2RP (Figure 4E). More- 
over, constructs in which all tyrosines except either Y392 
or Y510 were mutated could mediate Stat protein activa- 
tion in response to IL-2 (Figure 4F), indicating that either 
Y392 or Y510 alone was sufficient for this effect. 



Role of IL-4R in IL-4- and IL-13-Mediated Signaling: 
Activation of Stat Proteins by IL-4 and IL-13 
in Cells Lacking y c and Jak3 

Finally, we sought to clarify the basis for activation of iden- 
tical Stat proteins by IL-4 and IL-13. Based on the ability 
of a nonfunctional IL-4 mutant (Y124D) to block both IL-4 
(Kruse et al., 1 992) and IL-1 3 (Zurawski et al. J 993) action, 
it has been concluded that the IL-4 and IL-13 receptors 
share a common component (Zurawski et al., 1993). Al- 
though Yc was hypothesized to be this shared component 
(Kondo et al., 1 993; Russell et al. , 1 993), we have not been 
able to confirm this hypothesis (data not shown). Instead, 
our data suggest that the known 140 kDa IL-4 binding 
protein (IL-4R) itself is the shared component. Of 10 anti- 
IL-4R antibodies tested, only those that blocked IL-4 action 
also blocked IL-13 action. One of these is shown in Figure 
5A (see also Figure 5A legend). None of the antibodies 
inhibited IL-3-induced proliferation of TF-1 cells (Figure 
5A) nor IL-2/IL-7 actions on IL-2/IL-7-responsive cells (data 
not shown). In contrast with the inhibition of IL-13 action 
by anti-IL-4R antibodies, soluble IL-4R did not inhibit IL-1 3 
action (Figure 5B). This suggests that the IL-4R is not the 
primary binding protein for IL-13. However, the fact that 

_ both IL-4 Y124D (Zurawski et al.,.1993Kand.antibpdjes to 
IL-4R (Figure 5A) inhibit IL-13 action suggests thatthe 
IL-4R is the shared component of the IL-4 and IL-1 3 recep- 
tors. Furthermore, IL-4 and IL-13 induced similar nuclear 
complexes in COS-7 cells (Figure 5C) which express IL-4R 
but not yc (Russell et al., 1993; data not shown). Addition- 

, ally, even though normal human monocytes express y c 
(Bosco et al., 1994; Epling-Burnette et al., 1995), two 
monocytic cell lines (THP-1 and Mono Mac 6) lack y c ex- 
pression but nevertheless can respond to IL-4 (Takeshita 
et al., 1992; de Wit et al., 1994; Kotanides and Reich, 




ng/ml of IL-4R 



Figure 5. Blocking of IL-1 3 Action by a MAb to the IL-4R, and Induction 
of Similar Nuclear Complexes by IL4 and IL-13 in Cells Lacking y c 

(A) A MAb to the IL-4R (MAb 25452.1 1; R and D Systems, produced 
using purified recombinant soluble IL-4R as an immunogen) inhibited 
IL-4 (0.2 ng/ml)- and IL-13 (6 ng/ml)- but not IL-3 (0.3 ng/ml)-induced 
proliferation of TF-1 cells. Of 10 MAbs tested, all had concordant ef- 
fects on IL-4 and IL-13 (i.e., IL-13 action was inhibited if and only if 
IL-4 action was inhibited). One polyclonal antibody and four MAbs 
potently inhibited, four MAbs could inhibit but required approximately 
10,000 higher concentrations, and one MAb did not inhibit at any con- 
centration tested. 

(B) Soluble IL-4R (0-1000 ng/ml) inhibited IL-4 but not IL-13 action. 

(C) IL-4 (lane 2) and IL-13 (lane 3) induced complexes of identical 
mobility in COS-7 cells. In (A) and (B), proliferation assays were per- 
formed with TF-1 cells (1 x 10 4 cells in 100 \x\ in each well). Antibodies 
or soluble IL-4R were added simultaneously to the cytokines. After a 
2 day incubation, cells were pulsed with 0.25 uCi/well of pH]thymidine 
for 2 hr and the incorporated cpm determined. Results were similar 
if TF-1 cells were preincubated with IL-4R MAb or soluble IL-4R prior 
to addition of cytokine. The ED50s for IL-3, IL-4, and IL-13 are 0.15 
ng/ml, 0.1 ng/ml and 3 ng/ml, respectively. 



1 993). Thus, consistent with an earlier hypothesis that two 
types of IL-4 receptors may exist (Rigley et al. t 1 991 ), func- 
tional IL-4 receptors contain IL-4R plus either y c (Kondo 
et al., 1993; Russeil et al., 1993) or a second protein that 
we shall denote f and which we hypothesize may be the 
primary IL-13 binding protein. The existence of / is addi- 
tionally suggested by the ability of 1Z5 ML-4 to affinity-label 
a species smaller in molecular-weight than the IL-4R in 
COS cells (Galizzietal., 1990). Moreover, the stoichiometry 
of IL-4 binding to IL-4R is 1:1 (Hoffman et al., 1994), sug- 
gesting the requirement for a second receptor chain to fit 
with the general model that four helix bundle cytokines 
bind to receptors comprising homodimers or heterodimers 
rather than monomelic receptors (Leonard, 1994; Stahl 
and Yancopouios, 1993; Kishimoto et al. t 1994). Although 
both types of IL-4 receptors mediate Stat protein activa- 
tion, it is possible that they differ in some of the signals 
transduced; if so, this would represent a mechanism by 




which IL-4 can induce different signals (cytokine pleio- 
tropy) according to the type of receptor expressed. 

Discussion 

The growth, differentiation, and functional activities of lym- 
phocytes are regulated by the interaction of specific cyto- 
kines with their cell surface receptors. A variety of cyto- 
kines exhibit actions as T cell growth factors; we have 
studied four of these cytokines, IL-2, IL-4, IL-7, and IL-1 5, 
all of whose receptors on T cells contain the common y 
chain. In addition, we have studied IL-1 3, a cytokine whose 
receptor does not contain y c . IL-13 does not stimulate T 
cells, yet it shares actions with IL-4 on NK cells and B 
cells. By investigating the Stat proteins activated by these 
cytokines, we have gained insights into some of the mech- 
anisms underlying their shared and distinct actions. 

Previously, IL-2 was shown to induce a nuclear complex 
in a rodent T cell line (Gilmour and Reich, 1994). Interest- 
ingly, the complex exhibited similar mobility with that in- 
duced by prolactin in the same cell line (Gilmour and Reich, 
1994). However, it was not determined whether prolactin 
(which has been shown to activate StatS; Wakao et al., 
1994) and IL-2 activated the identical Stat proteins. Bead- 
ling et al. (1994) detected an IL-2-activated Stat protein in 
human PBL but did not elucidate its identity. In investigating 
the identity of Stat proteins within IL-2-induced complexes, 
we found that IL-2 can activate different combinations of 
Stat proteins in normal cells under different physiological 
conditions. This has not been reported for any other cyto- 
kine. Based on the difference in UV cross-linked adducts 
in fresh versus preactivated PBL, it was initially surprising 
that the complexes from. both fresh and preactivated PBL 
contained StatS. PHA-mediated posttranslational modifi- 
cations presumably contribute to the size differences 
seen; moreover, the different complexes at least partially 
resulted from the involvement of Stat3 in the preactivated 
complex. 

It remains to be determined whether the complexes 
formed in fresh and preactivated PBL have different func- 
tions: for example, it is conceivable that complexes con- 
taining only StatS, as are found in freshly isolated cells, 
play a role in augmenting cytolytic activity of NK cells and 
in differentiation of T cells. In contrast, the broader range 
of potential complexes in IL-2-stimulated preactivated PBL 
(i.e., StatS and Stat3 homodimers and Stat3-Stat5 hetero- 
dimers), could potentially mediate the triggering of addi- 
tional signals in IL-2-stimulated preactivated PBL, includ- 
ing, for example, its major action in promoting T ceil 
.proliferation-Ttie induction of distinct complexes in differ-, 
ent ceil populations may be one mechanism by which cy- 
tokines exert pleiotropic actions. The existence of alterna- 
tive forms of StatS may additionally contribute to the 
complexity of IL-2 signals. 

The complexes induced by IL-2 were the same as those 
induced by IL-7 and IL-1 5, whereas those induced by IL-4 
were the same as those induced by IL-13, These observa- 
tions help to explain the basis of cytokine redundancy and 
led us to elucidate how individual Stat proteins can be 
activated by more than one cytokine (Figure 6). Interest- 
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IL-2/1L-7/1L-15 Stats \ / 

(StatS— Fresh PBL) \ | / 

(StatS, Stat3-Preact PBL) lL-4Stat(s) 

Figure 6. Schematic Model Showing that 1L-2, IL-7, and IL-15 Activate 
Identical Stat Proteins Due to the Existence of Similar Motifs in IL-2R0 
and IL-7R 

IL-4 activates Stat proteins via IL-4 receptors containing IL-4R plus y c 
or IL-4R plus y* (we speculate that Y is the IL-13R); IL-13 activates 
IL-4 Stat through receptors that appear to contain IL-13R and IL-4R. 
IL-2RP Y392 and Y510 and 1L-7R Y409 were identified in this study, 
whereas IL^VR Y578 and Y606 were identified by Hou et al. (1994). 



ingly, although the receptors for IL-2, IL-4, and IL-7 share 
y c and each of these cytokines activate Jak1 and Jak3, 
IL-2 and IL-7 activate different Stat proteins than does IL-4. 
It therefore appears that the primary role of y c is to recruit 
Jak3(8oussiotisetal., 1994; Russell etal., 1994; Miyazaki 
et al., 1994), while IL-2R0, IL-7R, and IL-4R determine 
which Stat protein(s) will be activated. It has been reported 
recently that-signaling via receptors that contain y c can 
prevent the induction of anergy. in T cells (Boussiotis et 
al., 1994). It wiil be interesting to determine the role that 
Stat proteins play in this process. In COS-7 cells, which 
do not express y c or Jak3 (Russell et al., 1993; data not 
shown), the ability of an alternative functional form of the 
IL-4 receptor (Figure 6) to mediate Stat protein activation 
represents an additional mechanism for regulating cyto- 
kine-specific signals. 

Thus, we have found that Stat3 and StatS can be acti- 
vated by IL-2, IL-7, and IL-15. In addition, we have iden- 
tified two mechanisms by which different cytokines can 
activate the same Stat proteins, either the sharing by re- 
ceptors of a common chain (the IL-2 and IL-15 receptors 
share IL-2R0 and the IL-4 and IL-13 receptors share IL-4R) 
or by distinct receptor chains that share a common motif 
(IL-2R& and IL-7R). The activation of the same Stat pro- 
teins by distinct cyt5Kines"presumably contributes to the 
generation of redundant cytokine actions, in contrast, the 
activation of non identical sets of Stat proteins by a single 
cytokine (e.g., the activation of Stat5 in fresh PBL but both 
Stat3 and StatS in preactivated PBL) presumably contri- 
butes to cytokine pleiotropy. Importantly, however, IL-4 
can act as a T cell growth factor even though it induces 
adifferentcomplexthandolL-2, IL-7, and IL-15. It is, there- 
fore, possible that in vivo more than one type (but presum- 
ably not every type) of Stat protein complex can serve to 
activate genes essential to promote T cell proliferation. 



Alternatively, there may be more than one molecular 
mechanism by which T cell growth can be promoted. 

Experimental Procedures 

Cells, Cell Culture, Preparation of Nuclear Extracts, and EMSAs 
PBLs were isolated from normal donors by standard methods, immedi- 
ately stimulated with cytokines, and nuclear extracts prepared; alterna- 
tively, cells were preactivated by cuituring for 72 hr with PHA (1 ng/ml, 
Boehringer-Mannheim) and rested overnight in medium containing 
10% fetal calf serum without IL-2, prior to stimulation with cytokines. 
YT cells were cultured in RPMI 1 640 containing 10% fetal calf serum. 
CTLL-2 were cultured in a similar fashion, except that culture was 
supplemented with 5 x 10" 5 M 2-mercaptoethanof and 20 U/ml IL-2. 
For CTLL-2, cells were grown in the absence of IL-2 for 4 hr prior to 
stimulation with IL-2. Purified NK ceils were prepared as described 
by Yamauchi and Bloom (1993). Purified T cells (ranging from 92%- 
96% pure) were isolated by antibody-mediated depletion on magnetic 
beads. Nuclear extracts were prepared as described (Lin et al., 1993) 
and 4 or 10 ng were used in EMSAs. EMSAs were performed as 
previously described (Lin et al., 1993). 

Antisera 

An anti-human StatS antiserum (R1 146) was produced by immunizing 
rabbits with a peptide corresponding to amino acids 66-80 of human 
StatS (NHz-CQELQKKAEHQVGEDG-COOH; the Cys at the N termi- 
nus was added), synthesized (by G. Poy, National Institutes of Health) 
on an Applied Biosystems 431A peptide synthesizer using a MAP 8 
branched resin (Applied Biosystems). R1146 was used for anti-StatS 
supershift and immunoprecipitation experiments. Monoclonal antibod- 
ies (MAbs) to Stat2, Stat3, Stat4, and StatS were from Transduction 
Laboratories (Lexington, Kentucky). Antisera for p84/p91 (Statl) and 
p91 (Statl a) were from Santa Cruz Biotechnology. Monoclonal anti- 
phosphotyrosine antibody 4G10 was from Upstate Biotechnology. 

UV Cross-Unking 

For UV cross-linking experiments, 30-40 ng of nuclear extracts were, 
preincubated with 4 ng of poly dl:dC in binding buffer prior to addition 
of 300,000 to 400,000 cpm (1 ng) of probe (the bottom strand of the 
IL-2RP oligonucleotide, S'-C ATTTCC ATG AATTCG G ATCC-3' [this is 
complementary to the strand shown in the Figure 1D legend), was 
labeled by specific priming in the presence of bromodeoxyuridine and 
pPJdATP). Samples were irradiated for 30 min at 70 W in a Hoefer 
UV cross-linker and resolved on 7.5% SDS gels. For cold competition, 
the unlabeled oligonucleotide was preincubated for 20 min with nu- 
clear extracts prior to addition of probe. 

Affinity Purification and Western Blotting 

Nuclear extracts (200 ug for IL-2-stimulated preactivated PBL, 400 \iq 
for IL-6-stimulated preactivated PBL, and 800 ng for tL-2-stimulated 
fresh PBL) were incubated on ice for 15 min in a final volume of 200 
binding buffer (12 mM HEPES [pH 7.9], 20 mM KCI, 0.5 mM EDTA, 
0.5 mM DTT, 1 mM AEBSF, 10% glycerol) containing 4-16 ug of 
poly dl:dC (Boehringer-Mannheim). Then 40-160 ng of biotinylated 
double-stranded oligonucleotides containing the GAS motifs from IL- 
2R3 fSMaiotin-GATCGAA TTCATGGAAA TGGATCGAA TTCATGGA- 
AATG G ATCG A ATTC ATG G AA ATG Q3*) or FcyRI (5'-biotin-GATC- 
GTAT TTCCCAGAA AAGGATCGTATT TCCCAGAA AAGGATCG- 
TAT TTC CCAGAAAATGC-3Q genes (Midland Reagent Company; the 
three copies oTEHe GAS motif in each oligonucleotide are underline?!)- 
was added and the incubation continued for 15 min at room tempera- 
ture. The reaction was added to streptavidin magnetic beads (Pro- 
mega) that had been washed three times in washing buffer (12 mM 
HEPES [pH 7.9], 1 00 mM KCI, 1 mM EDTA, 0.5 mM DTT, 1 2% glycerol, 
1 mM AEBSF, 0.05% NP40, 100 mg/ml bovine serum albumin) and 
incubated for 30 min on ice. The beads were then washed three times 
with washing buffer containing 33 ug/ml poly dhdC and the bound 
proteins eluted with Laemmli sample buffer, separated on 8% SDS- 
PAGE (Novex), blotted to Immobilon-P membranes, and Western 
analyses performed using either 4G10, or with anti-Stat3 or anti- 
StatS MAbs, and developed using enhanced chemiluminescence 
(Amersham). 



Immunity 
338 



Immunoprecipitatlon and Western Blotting with 
Anti-Phosphotyrosine Antibodies 

Cells (5-10 x 10 8 ) were stimulated or not stimulated with IL-2 (2 nM), 
washed twice with phosphate-buffered saline, and lysed with 10 mM 
Tris (pH 7.5) containing 2 mM EDTA, 0.15 M NaCI, 0.875% Brij 96, 
0.125% NonidetP40,0.4mMNaVO4, 1 mM AEBSF,2.5mMleupeptin, 
2.5 mM aprotinin. Immunoprecipitations were performed using 4G10 
MAb and protein A-Sepharose beads (Pharmacia) at 4°C for 4 hr. 
Samples were washed four times with tysis buffer, and boiled in 2 x 
Laemmli sample buffer. Proteins were analyzed on 8% SDS-PAGE, 
transferred to Immobilon-P membranes, blotted with anti-Stat3 anti- 
body or 4G10, and developed with enhanced chemiluminescence. 

Peptide Competition Experiments 

Phosphorylated and nonphosphorylated peptides for competition ex- 
periments were synthesized using an Applied Biosystems 431 A pep- 
tide synthesizer using FMOC chemistry and HBTU activation. FMOC 
phosphotyrosine was from Nova Biochemical. Peptides were purified 
by reverse phase C18 high pressure liquid chromatography and quan- 
titated using a PicoTag system (Waters). For the peptide inhibition 
experiments, 100 u.M of phosphorylated or nonphosphorylated pep- 
tides were preincubated with nuclear extracts for 30 min at room tem- 
perature prior to addition of probe. For 0Y51O and IL-7RY409, as little 
as 20 uM tyrosine-phosphorylated peptide inhibited binding, whereas 
0Y392 required 100 jiM to see complete inhibition. Correctness of 
peptides was confirmed by mass spectroscopy and concentrations 
determined by quantitation with the PicoTag system. 

Acknowledgments 

T. S. M. was supported by an AIDS research fellowship, Istituto Superi- 
ore di Sanita, Rome, Italy. We thank R and D Systems for IL-2, IL-4, 
IL-7, IL-13, and IL-15; J. Hakimi and G. Ju, Hoffmann La Roche, Incor- 
porated for IL-2; T. Kitamura for TF-1 cells; J. Yodoi for YT cells; A. D. 
Keegan for 32D cells expressing wild-type and H mutant IL-2R0 con- 
structs; C. Schindler for the Ab4 antiserum capable of recognizing 
IL-2- and IL-7-induced complexes (Rothman et al., 1994); M. Berne 
for synthesizing and quantitating peptides; H. Fales for mass spectro- 
scopic analysis of peptides; H. Gaytord for preparing IL-4R MAbs to 
soluble IL-4R; M. Berg, R. Child, and M. Noguchi for help with prepar- 
ing IL-2R0 mutant constructs. We thank N. C. Reich, A. C. Greenlund, 
C. Schindler, P. Rothman, K.-T. Jeang, J. P. Siegel, S. M. Russell, 
and R. D. Schreiber for valuable discussions. 

Received November 10, 1994; revised February 14, 1995. 

References 

Akira, S., Nishio, Y., Inoue, M., Wang, X.>L, Wei, S., Matsusaka, T., 
Yoshida, K., Sudo, T., Naruto, M., and Kishimoto, T. (1994). Molecular 
cloning of APRF, a novel IFN-stimulated gene factor 3 p91 -related 
transcription factor involved in the gp130-mediated signaling pathway. 
Cell 77, 63-71. 

Bazan, J. F. (1990). Structural design and molecular evolution of a 
cytokine receptor superfamily. Proc. Natl. Acad. Sci. USA 87, 6934- 
6938. 

Beadling, C, Guschin, D., Witthuhn, B. A., Ziemiecki, A., Ihle, J. N., 
Kerr, I., and Cantrell, D. A. (1994). Activation of JAK kinases and STAT 
proteins by interieukin-2 and interferon a, but not the T cell antigen 
" '7ecept6r;iri humah^r lymphocytes. EMBO J. 73, 5605-5615. " 
Bosco, M. C, Espinoza-Oelgado, I., Schwabe, M., Russell, S. M., 
Leonard, W. J., Longo, D. L., and Varesio, L (1994). The y subunit 
of the interleukin-2 receptor is expressed in human monocytes and 
modulated by interieukin-2, interferon y, and transforming growth fac- 
tor 01. Blood 83, 3462-3467. 

Boussiotis, V. A., Barber, D. L., Nakarai, T., Freeman, G. J., Gribben, 
J. G M Bernstein, G. M., d'Andrea, A. D., Ritz, J., and Nadler, L. M. 
(1994). Prevention of T cell anergy by signaling through the y c chain 
of the IL-2 receptor. Science 266, 1039-1042. 
Casey, L. S., Lichtman, A. H., and Boothby, M. (1992). IL-4 induces 
IL-2 receptor p75 fl-chain gene expression and IL-2-dependent prolifer- 
ation in mouse T lymphocytes. J. Immunol. 148, 3418-3426. 



Darnell, J. E. J., Kerr, I. M., and Stark, G. R. (1994). Jak-STAT path- 
ways and transcriptional activation in response to IFNs and other extra- 
cellular signaling proteins. Science 264, 1415-1421. — 
de Wit, H., Hendriks, D. W., Halie, M. Rf, and Sellenga, E. (1994). 
lnterleukin-4 receptor regulation in human monocytic cells. Blood 84, 
608-615. 

Epling-Burnette t P. K., Wei, S. t Liu, J. H., Pericle, F. ( Ussery, D. W., 
Russell, S. M., Leonard, W. J., and Djeu. J. Y. (1995). Expression 
of interieukin-2 receptor y on human monocytes: characterization of 
lineage specific post-translational modifications, Eur. J. Immunol. 25, 
291-294. 

Galizzi, J. P., Zuber, C. E., Harada, N., Gorman, D. M. t Djossou, 0., 
Kastelein, R M Banchereau, J., Howard, M., and Miyajima, A. (1990). 
Molecular cloning of a cDNA encoding the human interleukin 4 recep- 
tor. Int. Immunol. 2, 669-675. 

Gilmour, K. C, and Reich, N. C. (1994). Receptor to nucleus signaling 
by prolactin and interieukin 2 via activation of latent DNA-binding fac- 
tors. Proc. Natl. Acad. Sci. USA 97. 6850-6854. 
Glri, J. G., Ahdieh, M., Eisenman, J., Shanebeck, K., Grabstein, K., 
Kumaki, S., Namen, A., Park, L. S., Cosman, D., and Anderson, D. 
(1994). Utilization of the p and y chains of the IL-2 receptor by the 
novel cytokine IL-15. EMBO J. 73, 2822-2830. 
Gnarra, J. R., Otani, H., Wang, M. G., McBride, O. W., Sharon, M., 
and Leonard, W. J . (1 990). Human interieukin 2 receptor p-chain gene: 
chromosomal localization and identification of 5' regulatory se- 
quences. Proc. Natl. Acad. Sci. USA S7, 3440-3444. 
Greenlund, A. C, Farrar, M. A., Viviano, B. L, and Schreiber, R.D. 
(1994). Ugand-induced IFN y receptor tyrosine phosphorylation cou- 
ples the receptor to its signal transduction system (p91). EMBO J. 13, 
1591-1600. 

Hatakeyama, M., Mori, H., Doi, T., and Taniguchi, T. (1989). A re- 
stricted, cytoplasmic region of IL-2 receptor (J chain is essential for 
growth signal transduction but not for ligand binding and internaliza- 
tion. Cell 59, 837-845. 

Hoffman, R: C, Schalk-Hihi, C, Castner, B. J., Gibson, M. G., Rasmus- 
sen, B. D., Zdanov, A., Gustchina, A., March, C. J., and Wlodawer, 
A. (1994). Stoichiometry of the complex of human interleukirv4 with 
its receptor. FEBS Lett.-347, 17^21. 

Hou, J., Schindler, U, Henzel, W. J., Ho, T. C, Brasseur, M., and 
McKnight, S. L (1994). An interieukin-4-induced transcription factor 
IL^ Stat. Science 265, 1701-1706. 

Ihle, J. N., Witthuhn, B. A., Quelle, F. W., Yamamoto, K., Thierfelder, 
W. E., Kreider. B., and Silvennoinen, O. (1994). Signaling by the cyto- 
kine receptor superfamily: JAKs and STATs. Trends Biochem. Sci. 
79, 222-227. 

Johnston, J. A., Kawamura, M., Kirken, R. A., Chen, Y. Q., Blake, 
T. B., Shibuya, K., Ortaldo, J. R., McVicar; D. W., and aShea, J. J. 
(1994). Phosphorylation and activation of the Jak-3 Janus kinase in 
response to interleukin-2. Nature 370, 151-153; 
Kishimoto, T., Taga, T., and Akira, S. (1 994). Cytokine signal transduc- 
tion. Cell 76, 253-262. 

Kondo, M., Takeshita, T., Ishii, N., Nakamura, M., Watanabe, S-, Aral, 
K., and Sugamura, K. (1993). Sharing of the interieukin-2 (IL-2) recep- 
tor y chain between receptors for IL-2 and IL-4. Science 262, 1874- 
1877. 

Kondo, M., Takeshita, T., Higuchi, M., Nakamura, M., Sudo, T., Ntshi- 
kawa, S., and Sugamura, Kr (1994). Functional participation of the 
IL-2 receptor y chain in IL-7 receptor complexes. Science 263, 1453- 
1454. 

Kotanides, H., and Reich, N. C. (1993). Requirement of tyrosine phos- 
phorylation for rapid activation of a DNA binding factor by IL-4. Science 
262, 1265-1267. 

Kruse, N., Tony, H. P., and Sebald, W. (1992). Conversion of human 
interteukin-4 into a high affinity antagonist by a single amino acid re- 
placement. EMBO J. 77, 3237-3244. 

Kuo, C. J., Chung, J., Florentino, D. F., Flanagan, W. M., Blenis, J., and 
Crabtree, G. R. (1992). Rapamycin selectively inhibits interteukin-2 
activation of p70 S6 kinase. Nature 358, 70-73. 
Leonard, W. J. (1 994). The defective gene in X-Iinked severe combined 



Cytokine Pieiotropy, Redundancy, ariTStat Proteins 
339 



an^^ai 



immunodeficiency encodes a shared interteukin receptor subunit: im- 
plications for cytokine pieiotropy and redundancy. Curr. Opin. Immu- 
nol. 6, 631-635 

Leonard, W. J., and Siegel, J. P. (1990) The interteukin-2 receptor 
complex and its role in the induction of a nonspecific cytotoxicity. In 
lnterteukin-2 and Killer Cells in Cancer, E. Lotzova and R. B. Herber- 
man, eds. (Boca Raton, Florida: CRC Press, Incorporated), pp. SOS- 
SI?. 

Leonard, W. J., Noguchi, M., Russell, S. M., and McBride, O. W. 
(1994). The molecular basis of X-linked severe combined immunodefi- 
ciency: the role of the interieukin-2 receptor y chain as a common y 
chain, y c . Immunol. Rev. 738, 61-86. 

Un, J.-X., Bhat, N. K., John, S., Gueale, W. S., and Leonard, W. J. 
(1993). Characterization of the human interieukin-2 receptor 0-chain 
gene promoter: regulation of promoter activity by ets gene products. 
Mol. Cell. Biol. 73, 6201-6210. 

Miyazaki, T., Kawahara, A., Fujii, H. t Nakagawa, Y., Minami, Y., Liu, 
Z.^J., Oishi, I., Silvennoinen, O., Witthuhn, B. A., Ihle, J. N., and Tani- 
guchi, T. (1994). Functional activation of Jak1 and Jak3 by selective 
association with IL-2 receptor subunits. Science 266, 1045-1047. 
Morice, W. G., Wiederrecht, G., Brunn, G. J., Siekierka, J. J., and 
Abraham, R. T. (1993). Rapamycin inhibition of interleukin-2- 
dependent p33cdk2 and p34cdc2 kinase activation in T lymphocytes. 
J. Biol. Chem. 268, 22737-22745. 

Nakamura, Y. t Russell, S. M., Mess, S. A., Friedmann, M., Erdos, M., 

Francois, C, Jacques, Y. f Adelstein, S., and Leonard, W. J. (1994). 

Heterodimerization of the IL-2 receptor 0- and y-chain cytoplasmic 

domains is required for signalling. Nature 369, 330-333. 

Nelson, B. H., Lord, J. D., and Greenberg, P. D. (1994). Cytoplasmic 

domains of the interteukin-2 receptor p and y chains mediate the signal 

for T-cell proliferation. Nature 369, 333-336. 

Noguchi, M., Nakamura, Y., Russell, S. M., Ziegler, S. F., Tsang. M., 

Cao, X., and Leonard, W. J. (1993a). Interieukin-2 receptor y chain: 

a functional component of the interleukin-7 receptor. Science 262, 

1877-1880. 

Noguchi, M„ Yi, H., Rosenblatt, H. M., Rlipovich, A. H., Adelstein, S., 
Modi, W. S., McBride, O. W., and Leonard, W. J. (1993b). Interieukin-2 
receptory chain mutation results in X-linked severe combined immune- - 
deficiency in humans. Cell 73, 147-157. 

Otani, H., Siegel, X P., Erdos, M., Gnarra, J. R., Toledano, M. B., 
Sharon, M., Mostowski, H., Feinberg, M. B„ Pierce, J. H., and Leonard, 
W. J. (1992). Interieukin (IL)-2 and IL-3 induce distinct but overlapping 
responses in murine IL-3-dependent 32D cells transduced with human 
IL-2 receptor p chain: involvement of tyrosine kinase(s) other than 
P 56 fc *. Proc. Natl. Acad. Sci. USA 69, 2789-2793. 
Paul, W. E. (1989). Pieiotropy and redundancy: T cell-derived lympho- 
kines in the immune response. Cell 57, 521-524. 
Rigley, K. P., Thurstan, S. M., and Callard, R. E. (1991). Independent 
regulation of interieukin 4 (IL-4)-induced expression of human B cell 
surface CD23 and IgM: functional evidence for two IL-4 receptors. Int. 
Immunol. 3, 197-203. 

Rothman, P., Kreider, B., Azam, M. ( Levy, D., Wegenka, U., Eilers, 
A., Decker, T., Horn, F., Kashteva, H., Ihle, J., and Schindler, C. (1994). 
Cytokines and growth factors signal through tyrosine phosphorylation 
of a family of related transcription factors. Immunity 1, 457-468. 
Russell, S. M., Keegan, A. O., Harada, N., Nakamura, Y., Noguchi, 
- M.,Hieiand, P., «• Friedmann ,-M^C.,^ Miyaiima,, A., Purina Paul, .. 
W. E„ and Leonard, W. J. (1993). Interieukin-2 receptor y chain: a 
functional component of the interieukin-4 receptor. Science 262, 
1880-1883. 

Russell, S. M., Johnston, J. A., Noguchi, M., Kawamura, M., Bacon, 
C. M., Friedmann, M., Berg, M., McVicar, D. W., Witthuhn, B. A., 
Silvennoinen, O.. Goldman, A. S., Schmaistieg, F. C, Ihle, J. N., 
CShea, J. J., and Leonard, W. J. (1994) Interaction of IL-2R0 and y c 
chains with Jak1 and Jak3: implications for XSCID and XCiD. Science 
266, 1042-1045. 

Schindler, C, Kashleva, H., Pernis, A., Pine, R., and Rothman, P. 
(1994). STF-IL-4. a novel IL-4-induced signal transducing factor. 
EM BO J. 73, 1350-1356. 



Siegel, J. P., Sharon, M., Smith, P. L, and Leonard, W. J. (1987). The 
IL-2 receptor fJ chain (p70): role in mediating signals for LAK, NK, and 
proliferative activities. Science 238, 75-78. 

Stahl, N., and Yancopoulos, G. D. (1993). The alphas, betas, and 
kinases of cytokine receptor complexes. Ceil 74. 587-590. 
Takeshita, T., Asao, H., Ohtani, K., Ishii, N., Kumaki, S., Tanaka, N., 
Munakata, H., Nakamura, M., and Sugamura, K. (1992). Cloning of 
the y chain of the human IL-2 receptor. Science 257, 379-382. 
Taniguchi, T., and Minami, Y. (1993). The IL-2/IL-2 receptor system: 
a current overview. Cell 73, 5-8. 

Wakao, H., Gouilleux, F„ and Groner, B. (1994). Mammary gland factor 
(MGF) is a novel member of the cytokine regulated transcription factor 
gene family and confers the prolactin response. EM BO J. 73, 2182- 
2191. 

Waldmann, T. A. (1989). The multi-subunit interleukin-2 receptor. 
Annu. Rev. Biochem. 58, 875-91 1 . 

Witthuhn, B. A., Silvennoinen, O., Miura, O., Lai, K. S., Cwik, C, Liu, 
E. T., and Ihle, J. N. (1994). Involvement of the Jak-3 Janus kinase 
in signalling by interteukins 2 and 4 in lymphoid and myeloid cells. 
Nature 370, 153-157. 

Yamauchi, A., and Bloom, E. T. (1993). Requirement of thiol com- 
pounds as reducing agents for IL-2-mediated induction of LAK activity 
and proliferation of human NK cells. J. Immunol. 757, 5535-5544. 
Zhong, Z., Wen, Z., and Darnell, J. E., Jr. (1994). Stat3: A STAT family 
member activated by tyrosine phosphorylation in response to epider- 
mal growth factor and interieukin 6. Science 264, 95-98. 
Zurawski, G., and de Vries, J. E. (1994). Interieukin 13, an interieukin 
4-like cytokine that acts on monocytes and B cells, but not on T cells. 
Immunol. Today 75, 19-26. 

Zurawski, S. M., Vega, F. J., Huyghe, B., and Zurawski, G. (1993). 
Receptors for interleukin-13 and interieukin-4 are complex and share 
a novel component that functions in signal transduction. EMBO J. 72, 
2663-2670. 

Note Added in Proof 

Support for the models of lL-4 and IL^3 receptors shown in Figure 6 
is also provided by the following recent publications: 

Obiri, N.I., Debinski, W., Leonard, W. J., and Puri, R. K. (1 995). Recep- 
tor for interieukin 13: interaction with interieukin 4 by a mechanism 
that does not involve the common chain shared by the receptors for 
interteukins 2, 4, 7, 9, and 15. J. Biol. Chem. 270, 8797-8804. 
Smerz-Bertling, C, and Duschl, A. (1995). Both interieukin 4 and in- 
terieukin 13 induce tyrosine phosphorylation of the 140-kDa subunit 
of the interieukin 4 receptor. J. Biol. Chem. 270, 966-970. 
Vita, N., Lefort, S., Laurent, P., Caput, D., and Ferrara, P. (1995). 
Characterization and comparison of the interieukin 13 receptor with 
the interieukin 4 receptor on several cell types. J. Biol. Chem. 270, 
3512-3517. 



